Two Ni-and Cu-free bulk metallic glasses (BMGs) of Zr 65 Pd 17:5 Fe 10 Al 7:5 and Zr 65 Pd 12:5 Ag 5 Fe 10 Al 7:5 , with a critical casting diameter of 6 mm and a compressive strength above 1500 MPa, were developed. While the Zr 65 Pd 17:5 Fe 10 Al 7:5 alloy showed little plastic strain before fracture, the Zr 65 Pd 12:5 Ag 5 Fe 10 Al 7:5 alloy exhibited much larger plasticity by the relatively stable, intermittent propagation of the major shear band under compression. This unusual plastic deformation behavior was interpreted on the basis of the contribution of the icosahedral shortrange order. Potentiodynamic polarization tests revealed that the Zr 65 Pd 12:5 Ag 5 Fe 10 Al 7:5 alloy has a higher corrosion resistance than the Zr 65 Pd 17:5 Fe 10 Al 7:5 alloy in phosphate buffered saline at 37 C. X-ray photoelectron spectroscopy analysis revealed that the passive film of Zr 65 Pd 12:5 Ag 5 Fe 10 Al 7:5 alloy consisted mostly of ZrO 2 , which may be responsible for the excellent corrosion resistance of this alloy. Ni-and Cufree BMGs with a critical diameter of 6 mm, together with enhanced mechanical properties and corrosion resistance, may be promising in biomedical applications.
Introduction
Zr-based bulk metallic glasses (BMGs) have continued to attract considerable interest since being discovered in the early 1990s. A number of Zr-based BMGs such as Zr-Al-NiCu, 1) Zr-Ti-Cu-Ni-Be, 2) Zr-Cu-Fe-Al, 3) Zr-Cu-Ni-Al-Ti, 4) and Zr-Al-Co 5) have been developed and reported in the literature. These Zr-based BMGs exhibit a series of superior properties, including high strength, high hardness, relatively low Young's modulus, large elastic limit and near-net-shape formability, compared to ordinary crystalline alloys.
6) The lower Young's modulus and larger elastic limit of Zr-based BMGs will alleviate the stress shielding effect, which is often a concern for implants made of traditional biomaterials such as stainless steel and titanium alloys. 7) This makes them very attractive for biomedical applications. Currently, most Zrbased BMGs with high glass forming ability (GFA) contain toxic elements such as nickel and copper. Although several recent studies have shown that Zr-based BMGs have superior corrosion resistance and biocompatibility in simulated invivo environments due to the existence of natural oxide layers on the surface. 8, 9) However, in the case of corrosion or wear during long-term orthopedic or dental implantation, large amounts of these elements will be released, resulting in high toxicity. 8) To ensure long-term safety in applications in the human body, there is a need to develop new Ni-and Cu-free Zr-based BMG for biomedical applications. Despite the fact that a Ni-and Cu-free Zr-Al-Co BMG had been developed, 5) it is still significant to further develop other Ni-and Cu-free Zr-based BMGs to give more candidates for biomedical applications to acquire preferable combination properties.
In this work, the Zr-Pd-Fe-Al alloy system is selected for the development of Ni-and Cu-free Zr-based BMGs. One of the reasons for selecting this system is that alloys in the Zr-Al-TM (TM = Fe, Co, Ni, Cu, Pd, Ag) system tend to be good glass formers. In fact, over the past two decades, many Zr-based BMGs with the formula Zr-Al-TM have been successfully developed. 3, 5, [10] [11] [12] [13] [14] [15] The quaternary alloys in this system are summarized in Fig. 1 ; the elements linked with a solid line in the rectangular box represent the transition metals in the pre-existing quaternary alloys. It is found that many binary transition metal combinations correspond to a BMG forming system. Furthermore, the Zr-Pd-Fe-Al system satisfies Inoue's three empirical rules as well, so there is a great chance to find a BMG in this system. Moreover, Pd-based alloys are widely used as dental materials and the safety of Pd has been verified over a long period of time. Although there are some reports on its allergic and toxic effects, Pd is still among the least toxic of metallic ions, usually having low lability in alloys and is unlikely to be released at high levels. 16) These factors make Pd a relatively safe choice as an alloying element for biomaterials.
Another major drawback of many Zr-based BMGs used as biomedical materials is their limited room temperature global plasticity, and this is also the case for the newly developed Zr-Pd-Fe-Al BMG. In our previous work, it was found that the addition of Ag was effective in enhancing the ductility of Zr-Cu-Fe-Al BMG. 14) In order to improve the plasticity of the Zr-Pd-Fe-Al alloy, Ag was added in partial substitution of Pd, and the mechanisms for the improvement in plasticity are discussed in a later section.
Experimental Procedure
The Zr 65 Pd 17:5 Fe 10 Al 7:5 and Zr 65 Pd 12:5 Ag 5 Fe 10 Al 7:5 alloy ingots were prepared by arc melting a mixture of high purity metals (>99:9 mass%) under a Ti-gettered purified Ar atmosphere, each ingot being arc-melted four times. From these ingots, rod samples with diameters of 2 and 6 mm were prepared by casting into water-cooled copper molds. The structure of the rods and the ingots was examined by X-ray diffraction (XRD) with monochromatic Cu K radiation. XRD patterns were recorded from 20 to 80 with a step size of 0.02
and an integration time of 1 s. The thermal properties associated with glass transition, crystallization and melting for the as-cast rods were measured using PerkinElemer differential scanning calorimetry (DSC7) and a Netzch thermogravimetric analser/differential scanning calorimeter (STA 449C) respectively, at a constant heating rate of 20 K/min.
Uniaxial compression tests were carried out on an MTS 810 material testing system at an initial nominal strain rate of 1 Â 10 À4 s À1 , using cylindrical rods with a diameter of 2 mm and a length of 4 mm. The deformation of the specimen was measured by a calibrated extensometer. The end surfaces of the rod were polished carefully to ensure the parallel end surfaces and perpendicularity to the longitudinal direction. At least three specimens for each alloy were tested to ensure reproducible results. The lateral surface after compression testing was examined by scanning electron microscopy (SEM). Vickers micro-hardness measurements were taken on the polished cross surface of the as-cast 2-mm rods, with a load of 1000 g held for 10 s. The hardness was then determined from averaging 10 measurements.
The corrosion behavior of the alloys was evaluated by potentiodynamic polarization measurements at 37 C in phosphate buffered saline (PBS) open to air on a EG&G Princeton Applied Research 263A potentiostat. The electrochemical cell consisted of the corrosion sample, a graphite counter electrode and a saturated calomel reference electrode. All the potentials mentioned in this study are with reference to the saturated calomel electrode (SCE). The samples were finished through 1200-grit SiC abrasive and were mounted in polymer sample holders to expose about 25 mm 2 to the electrolyte during testing. Before each polarization scan was started, the corrosion sample was stabilized in PBS until the open circuit potential (E oc ) changed by no more than 2 mV over a 5-min period. The scan was started at 100 mV below E oc and continued in the positive direction at a scan rate of 0.33 mV/s until a corrosion current of 1 mA was reached. In this study, the open circuit corrosion potential (E corr ) and the open circuit corrosion current density (i corr ) were determined using the Tafel extrapolation method, and the corrosion penetration rate (CPR) was derived from i corr by the application of Faraday's law.
To characterize the composition and chemical states of elements in the passive film, a Zr 65 Pd 12:5 Ag 5 Fe 10 Al 7:5 specimen was potentiodynamically polarized to a voltage 100 mV above E oc using the aforementioned procedure, and then the passive film was analyzed using X-ray photoelectron spectroscopy (XPS, Physical Electronics PHI 5600) with Al K excitation. The surface of the specimen was sputtered with a 4 keV Ar þ ion beam for 2 min prior to XPS analyses to remove the surface contamination. Figure 2 shows the XRD patterns of the as-cast rods of 6 mm in diameter and the master alloy ingots of Zr 65 Pd 17:5 Fe 10 Al 7:5 and Zr 65 Pd 12:5 Ag 5 Fe 10 Al 7:5 alloys. The patterns for both the 6 mm rods consisting of only broad diffraction maxima without any sharp Bragg peak indicate the glassy structure. In the patterns of both ingots several sharp diffraction peaks can be seen. These diffraction peaks can be identified as the icosahedral phase (I-phase). The icosahedral short-range order (ISRO) has been recognized as the dominant intrinsic local structure of metallic liquids and glasses. 17) Tanaka et al. further pointed out that ISRO in a liquid state is a prerequisite for I-phase formation.
Results and Discussion

Glass forming ability
18) The precipitation of the I-phase in the ingot suggests the existence of ISRO in the supercooled melt. The ISRO in the supercooled melt raises the nucleation barrier for the formation of crystal phases and increases the viscosity of the liquid, 18, 19) so alloys can be cast into glassy rods of 6 mm in diameter. However both Pd and Ag favor ISRO formation in Zr-based alloys. [20] [21] [22] High Pd (or Pd plus Ag) content in the alloys leads to a strong ISRO forming tendency. As a result, the supercooled melt becomes unstable against I-phase formation at a lower cooling rate for rods larger than 6 mm, and the I-phase appears as indicated by the XRD patterns for the ingots in Fig. 2 , which restricts the critical casting diameter to 6 mm. transition temperature (T g ), the onset crystallization temperature (T x ), the onset melting temperature (T m ) and the liquidus temperature (T l ), marked by arrows in Fig. 3 (a) and 3(b) together with supercooled liquid region ( Figure 4 shows the compressive stress- alloy, the stress dropped slowly after reaching its maximum in the displacement-controlled test, and even after a long loading time, the specimen could still sustain a considerable stress, as abrupt fracture was not observed. Figure 5 shows the typical lateral morphology of the specimen after compression tests. As shown in Fig. 5(a) Fig. 5(b) , several fine shear bands together with a major shear band are observed. The serration and the plastic strain are mainly attributed to the intermittent propagation of the major shear band, which also accounts for the gradual load drop in the stress-strain curve. Similar deformation modes can be found in several other alloys. (a) (b) 
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Since the compression test was conducted on the same machine, with identical experiment parameters and specimen geometrical size, the contrast in plastic deformation behavior between these two alloys could not be attributed to a machine-stiffness effect or a sample-size effect proposed by Cheng et al., 26) but to the internal structure difference. Recent experimental and molecular dynamic simulation results frequently suggest the solute-centered ISRO to be the dominant local structure in Zr-based metallic glasses and to be responsible for the enhanced GFA and plastic deformation behavior. 24, 27, 28) Furthermore, noble metals such as Pd, Ag and Pt etc. are thought to facilitate the formation of ISRO in Zr-based metallic glasses due to their strong chemical affinity and a proper atomic size ratio with Zr. [20] [21] [22] Thus it is reasonable to expect that a large amount of Pd-centered (or and Ag-centered) ISRO 30, 31) which will hinder the rapid and unimpeded propagation of the shear band. Furthermore, the less rigid ISRO configuration may induce nanocrystallization in the later stages during shear deformation, 24) which may also impede the fast runaway fracture. However, it's a non-trivial task to find out whether nanocrystallization occurs during compression testing in extreme narrow shear bands and it s not within intended research scope of the present work.
Corrosion behavior
The alloy has a lower current density than the Zr 65 Pd 17:5 Fe 10 Al 7:5 alloy at both the open circuit corrosion potential and in the whole passive region, and the corrosion penetration rate was calculated to be 0.8 mm/y, which was significantly lower than the reported 1.5 mm/y of 316L stainless steel. adventitious carbon contaminant and the intensity is very weak after 2-min of Ar þ sputtering. No Cl and P elements from the PBS can be detected, indicating that the compounds of the alloying elements with Cl and P are mostly dissoluble.
The XPS high resolution spectra of Zr 3d, Pd 3d, Fe 2p, Al 2s, Ag 3d and O 1s electrons are shown in Fig. 8(a)-(f) . The Zr 3d spectrum consists of two doublet splitting peaks; the peaks at 179.2 and 181.3 eV are assigned to the metallic Zr, and the peaks at the higher binding energy of 183.3 and 185.6 eV are assigned to the fully oxidized Zr 4þ state. 32, 33) The Pd 3d 5=2 spectrum can be decomposed into two peaks at 334.0 and 336.6 eV, corresponding to metallic and Pd 2þ oxidized state respectively. 34, 35) The Ag 3d spectrum is fitted by a single spin-orbit splitting doublet of Ag 3d 5=2 at 368.7 eV and Ag 3d 3=2 at 374.5 eV, which can be assigned to metallic Ag. 36, 37) The Fe 2p spectrum consists of two peaks with Fe 2p 3=2 at 707.0 and Fe 2p 1=2 at 720.0 eV corresponding to the metallic state. 38, 39) The Al 2s spectrum is fitted with two peaks, the peak at 117.3 eV can be assigned to the metallic state, and the other peak at 119.7 eV is from the oxidized Al 3þ state. 40) The spectrum in the range of 538-525 eV was decomposed into two peaks, in which the primary peak located at 531.1 eV is assigned to O 1s electron of the metal oxide oxygen from the surface, 33) and the minor peak at 532.4 eV may originate from Pd 3p 3=2 electrons 41) or O 1s electrons in oxygenous organic contamination. 42) In the XPS high resolution spectra, metallic forms of Zr, Pd, Ag, Fe and Al can all be confirmed, while only Zr, Pd and Al show oxidized states. As the passive films of alloys are usually made up of metal oxides or oxyhydroxides, it's reasonable to consider that the oxidized state signals stem from the surface passive film and the metallic components come from the bulk alloy. The normalized surface composition of the metallic elements of the anodically polarized Zr 65 Pd 12:5 Ag 5 Fe 10 Al 7:5 alloys derived from the XPS intensity data and the nominal composition of the bulk alloy are shown in Fig. 9 . Compared to the bulk alloy, the surface is enriched in Zr and depleted in Pd and Ag. Simplifying the passive film on the glassy alloy as a unifrom ZrO 2 layer on the bulk Zr substrate, the thickness of the passive film can be estimated by the following equation suggested by Strohmeier:
where d is the thickness of the passive film; is the electron take-off angle; N m and N o are the volume densities of metal atoms in the metal and oxide; ! m and ! o are the inelastic mean free paths (IMFP) of photoelectrons in the metal and oxide; I m and I o denote the intensities (the peak areas) of the metal and oxide photoelectron peaks. The electron take-off angle is 90 . N m and N o for ZrO 2 and Zr are taken as 71.5 and 45.5 mol/dm 3 , and ! m and ! o of the Zr 3d electron are taken as 2.5 and 2.2 nm; 44, 45) accordingly the passive film thickness was calculated to be 3.6 nm. The sampling depth of XPS is 3 times the IMFP at an electron take-off angle of 90 46) and is about 7 nm in this study. The passive film thickness is only about half the sampling depth, so metallic state elements from the bulk alloy were detected. Excluding the metallic component from the bulk alloy, the content of zirconium oxide in the passive film will be even higher. The enrichment of zirconium oxide in the surface may account for the high corrosion resistance of the BMG in the PBS. As Ag is depleted in the passive film, the enhancement of corrosion resistance of Zr 
